Schistosomes have a comparatively large genome, estimated for Schistosoma mansoni to be about 270 megabase pairs (haploid genome). Recent findings have shown that mobile genetic elements constitute significant proportions of the genomes of S. mansoni and S. japonicum. Much less information is available on the genome of the third major human schistosome, S. haematobium. In order to investigate the possible evolutionary origins of the S. mansoni long terminal repeat retrotransposons Boudicca and Sinbad, several genomes were searched by Southern blot for the presence of these retrotransposons. These included three species of schistosomes, S. mansoni, S. japonicum, and S. haematobium, and three related platyhelminth genomes, the liver flukes Fasciola hepatica and Fascioloides magna and the planarian, Dugesia dorotocephala. In addition, Homo sapiens and three snail host genomes, Biomphalaria glabrata, Oncomelania hupensis, and Bulinus truncatus, were examined for possible indications of a horizontal origin for these retrotransposons. Southern hybridization analysis indicated that both Boudicca and Sinbad were present in the genome of S. haematobium. Furthermore, low stringency Southern hybridization analyses suggested that a Boudicca-like retrotransposon was present in the genome of B. truncatus, the snail host of S. haematobium.
The life cycle of schistosomes, diecious trematodes of the order Digenea, involves parasitism of both humans and genera of aquatic or amphibious snails specific to each species: Biomphalaria for Schistosoma mansoni, Oncomelania for S. japonicum, and Bulinus for S. haematobium. In the case of S. mansoni and S. japonicum, adult worms inhabit the portal system blood vessels and mesenteric veins of the intestines of their human hosts. Much progress has been made toward sequencing and sequence annotation of the genomes of S. mansoni and S. japonicum (El-Sayed et al. 2004) , including characterization of much of their transcriptomes (Hu et al. 2003 , Verjovski-Almeida et al. 2003 , and the construction of a bacterial artificial chromosome (BAC) library representing an eight-fold coverage of the S. mansoni genome (Le Paslier et al. 2000) . In contrast to the burgeoning wealth of sequence information for S. mansoni and S. japonicum, relatively little is known about the genome sequence of S. haematobium; less than seventy S. haematobium nucleotide sequences were present in GenBank as of February 2006, compared with over 100,000 each for S. mansoni and S. japonicum. The genomic DNA of Schistosoma is indistinguishable among S. mansoni, S. japonicum, and S. haematobium by physical measurement (Hilyer 1974 , Rollinson et al. 1997 ) and their chromosomal karyotypes are similar in appearance .
Mobile genetic elements (MGEs) represent a major force driving the evolution of eukaryotic genomes (Charlesworth et al. 1994 , Kidwell & Lisch 1997 , Kazazian 2004 and play an important role in the establishment of genome size (Petrov et al. 2000) . In schistosomes, more than half of the genome appears to be composed of, or derived from, repetitive sequences, to a large extent from retrotransposable elements (Brindley 2005 , Copeland et al. 2005b . Schistosome MGEs include SINE-like retroposons (Spotila et al. 1989 , Drew & Brindley 1995 , long terminal repeat (LTR) retrotransposons (Laha et al. 2001 , Foulk et al. 2002 , Copeland et al. 2003 , 2005a , DeMarco et al. 2004 , non-LTR retrotransposons (Laha et al. 2002a , b, Brindley et al. 2003 , and DNA transposons related to bacterial IS1016 insertion sequences (Feschotte 2004) . The long terminal repeat retrotransposable elements, i.e. the LTR retrotransposons, are similar in structure and life cycle to retroviruses (Garfinkel et al. 1991 , Havecker et al. 2004 , differentiated from true retroviruses mainly by their lack of an envelope-encoding gene. They are of interest for their potential for horizontal transmission, as well as their ability to shed light on phylogenies of their host organisms when solely vertically transmitted.
Boudicca, the first fully characterized LTR retrotransposon from the genome of S. mansoni (Copeland et al. 2003 , belongs to the gypsy-like retrotransposons, one of three distinct major groups of LTR retrotransposons: the Gypsy/Ty3 group, the Copia/Ty1 group and the Pao/BEL group (Xiong et al. 1993) . Sinbad, another LTR retrotransposon from S. mansoni, is a member of the Pao/BEL group (Copeland et al. 2005a ). Here, we investigated the possibility of the presence of homologues of Boudicca and Sinbad in genomes phylogenetically related to S. mansoni and genomes of host species parasitized by these schistosomes, using Southern hybridization analyses. Six platyhelminths were examined including the three major schistosome species, S. mansoni, S. japonicum, and S. haematobium, two non-schistosome trematodes, Fasciola hepatica and Fascioloides magna, and a (free-living) planarian, Dugesia dorotocephala. D. dorotocephala, a member of the class Turbellaria, served as a representative of platyhelminths phylogenetically distant from the schistosomes. The liver flukes F. hepatica and F. magna, like schistosomes, are members of class Trematoda, order Digenea. Unlike the schistosomes, flukes of this family are monecious, live as adults within the ducts of the liver rather than the blood vessels, and enter the host through the ingestion of vegetation contaminated with encysted larval forms known as metacercariae. F. hepatica, the sheep liver fluke, is primarily a parasite of sheep and other domesticated ruminants, but is also known to infect humans. F. magna, the deer liver fluke (renowned for its remarkable size and also known as the "giant fluke" and the "large American liver fluke") is a wildlife parasite of deer, but can also infect other large ruminants, including cattle and sheep (Swales 1936) . Further, to investigate host-parasite mediated horizontal transfer as a source of these elements, the genomes of three snail hosts corresponding to each of the major schistosomes, Biomphalaria glabrata, Oncomelania hupensis, and Bulinus truncatus, were examined in the same Southern blot as the six flatworms. Homo sapiens genomic DNA was also included in the analysis, since humans are the mammalian definitive host to all three major schistosome species. Extraction of genomic DNA -Samples preserved in ethanol were vacuum dried to remove the ethanol before extraction of genomic DNA. Genomic DNAs were extracted from the samples using the AquaPure Genomic DNA Purification system (Bio-Rad). In brief, tissue was lysed overnight at 55°C in a solution containing Proteinase K and, then treated with RNAse for 30 min at 37°C followed by 45 min at 65°C. For whole blood, serum and most red blood cells were removed by centrifugation and isolation of the buffy coat. The buffy coat was then also subjected to treatment with a red blood cell lysis solution (Bio-Rad). Following RNAse treatment, samples were cooled, after which protein was removed by precipitation with salt. The supernatant was removed and DNA was precipitated with isopropanol, washed with ethanol, hydrated in sterile distilled water, and its concentration and purity determined by spectrophotmetric analysis at OD 260 and OD 280 .
MATERIALS AND METHODS

Source of DNA -
Gene probes, labeling of gene probes with 32 P-dCTP, Southern hybridization -The Boudicca-specific probe was produced by PCR amplification using the Le Paslier et al. (2000) bacterial artificial chromosome BAC 53-J-5 as a template and 5'-AACTGCAGATGCACGGAATCA CGGACT (forward) and 5'-GCTCTAGACTAAGATT CAGTCGGCAGATGC (reverse) primers, with restriction sites for Pst I and Xba I added to facilitate cloning into plasmid vectors. The probe, targeting part of the gag gene of Boudicca, was 385 bp in length, spanning residues 694-1078 of the 5858 nucleotides of the 53-J-5 copy of Boudicca (AY662653). Identity was confirmed by sequencing. The Sinbad probe was obtained by PCR amplification of a fragment of the LePaslier et al. (2000) bacterial artificial chromosome BAC 30-H-16 using the primers 5'-CGCGGATCCAAGAGAAAAACCTTGATAGAC and 5'-CCGGAATTCCTGTCGAAGATAAAAGAGC. This fragment was cloned into pBluescript and its identity was confirmed by sequencing (Accession AY871176). The probe spans residues 2457 to 2823 of the BAC 33-N-3 copy of the Sinbad retrotransposon, the region of pol between the conserved protease and reverse transcriptase domains (Copeland et al. 2005a) . The pSM389 probe is a 3.1 kb fragment encompassing the 3' end of the intergenic spacer region and the 5' end of the 18S exon of the ribosomal RNA gene of S. mansoni (Vieira et al. 1991 ). This probe has been shown previously to hybridize not only with S. mansoni genomic DNA, but also with several species of Biomphalaria (Knight et al. 1991) . This schistosome ribosomal gene probe was employed here alongside the retrotransposon based probes in order to verify the integrity and quantity of the genomic DNAs in the different lanes of the Southern blots (Fig. 1) .
S. mansoni, S. japonicum, S. haematobium, O. hupensis, B. truncatus, B. glabrata, H. sapiens, F. hepatica, F. magna, and D. dorotocephala gDNA (~10 µg/lane) were digested with Hind III. Digested gDNA, along with 100 ng each of the probes described above, was size fractionated by electrophoresis through a 0.8% agarose gel, transferred to a nylon membrane (Zeta-Probe GT, Bio-Rad) by capillary action (Southern 1975) , and UV-light cross-linked to the membrane.
The probes described above were labeled with 32 P radiolabeled dCTP using the RadPrime DNA Labeling System (Invitrogen). Five hundred nanograms of probe DNA were labeled according to the manufacturer's instructions. After pre-hybridization at 65°C in 0.25 M Na 2 HPO 4 , 7% SDS, 1 mM EDTA for 15 min, the radiolabeled probe was added to 20 ml of fresh 0.25 M Na 2 HPO 4 , 7% SDS, 1 mM EDTA and membranes were allowed to hybridize at 65°C in this solution overnight for high strin-gency hybridizations and 42°C overnight for low stringency hybridizations. The membranes were then washed twice in 40 mM Na 2 HPO 4 , 5% SDS, 1mM EDTA for 1 h at 65°C (high stringency hybridizations) or 42°C (low stringency hybridizations) followed by two washes in 40 mM Na 2 HPO 4 , 1% SDS, 1mM EDTA, for 1 h each (65°C for high stringency hybridizations and 42°C for low stringency hybridizations). The membranes were then rinsed briefly in 2× SSC and placed in clear plastic sheet protectors attached to BioMax amplification screens (Kodak). The signals from the 32 P-labeled gene probes were detected using x-ray film (Fuji).
Separate blots were used for the Sinbad and Boudicca hybridizations, and both these blots were subsequently stripped and probed with pSM389 as a positive control. The blots were stripped as follows. After briefly rinsing the membranes in 2 × SSC, the membranes were washed four times by immersion in 0.1% SDS, 0.1 × SSC at 100°C followed by washing (37°C, rocking) for 15 min as the solution cooled. No radioactivity was detected from the membranes by Geiger counter after these four washes.
EST searches -EST searches for Boudicca and Sinbad elements in the S. japonicum transcriptome were carried out using the complete sequence of each retrotransposon (accession number AY662653 for Boudicca and AY506538 for Sinbad). The search parameters were set to search the EST database of S. japonicum only, with "Schistosoma japonicum[organism]" entered into the "Limit by entrez entry" box of the "options for advanced blasting" section.
RESULTS
Sinbad-like elements present in S. haematobiumStandard (high stringency) Southern hybridization was used to search for Sinbad-like retrotransposons in the genomes of S. japonicum and S. haematobium, in the genomes of helminths phylogenetically related to these schistosomes, and in the genomes of host organisms parasitized by schistosomes (human and snails). The pattern of restriction fragments of S. mansoni genomic DNA was consistent with that of previous experiments. The Sinbad element was found only in S. mansoni and S. haematobium. Its presence was not evident in the genomes of any of the other flatworms, or in the snail hosts, or in H. sapiens (Fig. 2 , the signal seen in the Dugesia lane is extended radiation from the positive control lane's signal.) The S. haematobium signal showed a clear clustering in the ~11-14 kb range, whereas the signal in S. mansoni was intense to large fragments of > 15 kb in size (Fig. 2) , a reflection of the general Hind III digestion pattern for these genomes (Fig. 1B) .
In the 1-4 kb range, the patterns shown by the two species were similar (Fig. 2) . Hind III is not expected to cut within Sinbad, as indicated by the fully sequenced Sinbad copy found in Le Paslier et al. (2000) BAC library clone 33-N-3 (Copeland et al. 2005a ) but has been found to cut once in a Sinbad fragment found at the end of the BAC 30-H-16 clone of Le Paslier et al. (2000) .
Boudicca-like elements present in S. haematobium -
These same ten genomes were examined for the presence of a Boudicca-like retrotransposon, also using standard Southern hybridization. As with Sinbad, only S. mansoni and S. haematobium were found to be positive for Boudicca (Fig. 3) . Both S. mansoni and S. haematobium exhibited areas of strong signal at ~8-11 kb and ~3 kb (Fig. 3) . On the basis of the fully sequenced copy of Boudicca (from BAC 53-J-5), Hind III is expected to cut twice within the retrotransposon, at positions 4470 and 4793 of the 5858 bp element, yielding a ~300 bp product. The S. haematobium signal showed a distinct band at 500 bp (Fig. 3) , and S. mansoni gave strong signals for smaller fragments. As this copy of Boudicca exhibits several mutations (Copeland et al. 2003) , the Hind III restriction map may differ in other Boudicca copies. S. mansoni ribosomal gene probe -As a positive control, a probe based on the 18S ribosomal subunit and preceding intergenic spacer of S. mansoni (Ali et al. 1991) was used in a final standard Southern hybridization. This probe, known as pSM389, has been shown previously to hybridize not only with S. mansoni genomic DNA, but also with several species of Biomphalaria (Knight et al. 1991) . We hypothesized that the conserved nature of ribosomal genes would allow this probe to be used as a positive control for all of the genomes examined in this study. The probe did indeed hybridize to all species, with strong signals for the trematodes and snails and a weak but discernable signal for the human DNA (Fig. 1a) . From these results, it can be concluded that the gDNA of these ten species transferred successfully to the blot, and that negative results for species such as S. japonicum do not reflect a lack of cross-linked DNA.
Low stringency hybridization suggests Boudicca-like elements in B. truncatus -In addition to the high stringency Southern hybridizations described above (overnight hybridization at 65°C), low stringency hybridizations (overnight hybridization at 42°C) were performed on the same blots with both the Boudicca and Sinbad probes. The Sinbad low stringency results resembled the high stringency results shown in Fig. 2 , with only the S. mansoni and S. haematobium lanes exhibiting a positive signal (not shown). The Boudicca blot, however, exhibited a pattern significantly different from that of the high stringency hybridization (Fig. 4) . Though the S. mansoni and S. haematobium lanes exhibited the strongest signals, the next strongest signal, unexpectedly, was found in the B. truncatus lane. The signal for Bulinus (the snail host of S. haematobium) was stronger than that of S. japonicum, almost as strong as that of S. haematobium, and significantly stronger than any of the signals from the other genomes examined.
In all three blots, the strong signal toward the top of the blot seen in S. mansoni but not in S. haematobium reflects the general pattern of Hind III digested S. mansoni genomic DNA, with a large proportion of relatively undigested DNA (large fragments > 15 kb in size) compared to other genomes examined (Fig. 1B) . Likewise, the strong signal around 11-14 kb in S. haematobium reflected the general restriction pattern for that schistosome. 
DISCUSSION
Of the three major species of schistosomes, S. haematobium is the least understood in terms of genome sequence. Until now, no LTR retrotransposons have been found in S. haematobium, though the presence of the (SINE-like) Sma elements (Ferbeyre et al. 1998) indicates that non-LTR retrotransposons are probably present. This study represents the first evidence of the presence of LTR retrotransposons in the genome of S. haematobium. Given the general paucity of genomic data for S. haematobium, and the fact that Boudicca and Sinbad elements make up over 4% of the S. mansoni genome (Copeland et al. 2005b) , these findings significantly advance the exploration of the genome of this important human parasite. In addition, transposable elements are of interest for their possible utility in applications related to both sequencing and manipulation of genomes, including transgenesis and gene knockouts, generation of cell culture lines, generation of mutant libraries, and increased accuracy in whole genome shotgun sequencing (Izsvak et al. 1997 , Handler 2001 , Hirochika 2001 , Tammi et al. 2003 . Knowledge of these elements from S. haematobium will aid in the process of molecular genetic characterization of the S. haematobium genome.
S. haematobium is considered to be much more closely related to the other African species, S. mansoni, than to S. japonicum, an Asian species. In addition, evidence based on ribosomal RNA gene sequence, gene order of the mitochondrial genomes, and C-banding patterns of nuclear genome karyotypes suggests that S. japonicum is ancestral to both S. mansoni and S. haematobium (Snyder & Loker 2000 . The presence of Sinbad and Boudicca in S. haematobium and S. mansoni, but not S. japonicum, is consistent with this phylogeny, and could have been brought about by the acquisition of the elements after the split from the S. japonicum lineage but before the divergence of S. mansoni and S. haematobium. Alternatively, ancestral elements of Boudicca and Sinbad could have been present in a basal ancestral schistosome, and subsequently diverged into different elements or were lost from the S. japonicum genome after the split between the S. japonicum and S. mansoni/S. haematobium lineage.
If these retrotransposons had ancient origins in the ancestors of S. mansoni, it would be expected that the genomes of related species would also include at least vestigial forms of these elements. However, neither the moderately related turbellarian and trematode genomes, nor the closely related S. japonicum genome appeared to contain these elements. Thus far, no Boudicca elements have been identified in S. japonicum, and the only Paolike element from S. japonicum, Tiao (Fan & Brindley 1998) has not been fully characterized. A BLAST search of the S. japonicum EST database with the complete sequence of the Boudicca retrotransposon (AY662653) did reveal a match to a reverse transcriptase (BU723196) with moderate similarity (bit score = 97) to that of Boudicca, indicating that S. japonicum may encode, and transcribe, Gypsygroup LTR retrotransposons from the CsRn1/Kabuki clade. This clade, of which Boudicca is a member, consists of elements so far found only in the genomes of Bombyx mori, Chlonorchis sinensis, Paragonimus westermani, and S. mansoni, and is defined by a unique cyshis box structure (Copeland et al. 2005b) . A corresponding BLAST search using the complete sequence of the Sinbad retrotransposon (AY506538) failed to yield any significant matches. More detailed characterization of Tiao and any S. japonicum elements from the CsRn1/Kabuki clade, would help to elucidate this phylogeny.
The results of this study indicate either a relatively recent origin (after the split between the S. japonicum and S. mansoni/S. haematobium lines) for the Boudicca and Sinbad retrotransposons via horizontal transmission, the loss of these elements in the S. japonicum lineage, or a high degree of divergence of ancestral retrotransposons of Boudicca and Sinbad after the split between the S. japonicum and S. mansoni/S. haematobium lineage. Previously, elements closely related to Boudicca have been found only in platyhelminths and insects (Bae et al. in press, Copeland et al. 2005b) , whereas elements known to be closely related to Sinbad have been limited to schistosomes and fish (Copeland et al. 2005a) . The presence of a robust positive signal for Sinbad in S. haematobium but absence in S. japonicum, the other platyhelminths, and the host genomes, even under low stringency conditions, supports the possibility of a horizontal transfer event from some other genome after the divergence of S. japonicum from the S. mansoni/S. haematobium line. The finding of a Sinbad-like element in the zebrafish Danio rerio, combined with the presence of other Pao-like elements in the genomes of aquatic, but not terrestrial, vertebrates (Copeland et al. 2005a) , suggests a possible origin for Sinbad in fish.
The robust positive signal for Boudicca in Bulinus under low stringency conditions raises the possibility of a horizontal transfer event of an ancestral Boudicca-like element from an ancestral snail to an ancestral schistosome. Especially intriguing is the strength of the signal; the Bulinus signal was not only stronger than that of the platyhelminth genomes but was also stronger than that of the host genome of S. mansoni, Biomphalaria. The evolutionary path suggested by this pattern is a jump from an ancestral Bulinus snail genome to an ancestral S. haematobium/S. mansoni genome, which in turn points to Bulinus or an ancestor of Bulinus as the original host of this ancestral schistosome. One caveat, considering the low stringency conditions of the experiment, is that it is plausible for an element only moderately related to Boudicca to generate a strong signal if it were very high in copy number. The fact that the positive signal in Bulinus only emerged under low stringency conditions therefore necessitates further inquiry as to the identity of any Boudicca-like elements in this genome, and invites further studies of Boudicca-like elements in other snail genomes.
